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Abstract. Among radio signals, low frequency (LF) radio
signals lie in the band between 30–300kHz. Monitoring
equipment with the ability to measure the electric strength
of such signals at ﬁeld sites, were designed and assembled in
Italy. From 1993 onwards, the electric ﬁeld strength of the
MCO (216kHz, France) broadcasting station has been col-
lecting measurements at two sites in central Italy that were
chosen according to very low noise levels. At the end of
1996, radio signals from the CLT (189kHz, Italy) and CZE
(270kHz, Czech Republic) broadcasting stations were in-
cluded in the measurements. Meteorological data from cen-
tral Italy were also collected over the same time period in
order to study the inﬂuence of weather conditions on the
experimental measurements. During the monitoring period,
we observed some evident attenuation of the electric ﬁeld
strength in some of the radio signals at some of the receivers.
The duration of the attenuation observed was several days,
so it could possibly be related to particular meteorological
conditions. On the other hand, this phenomenon might rep-
resent precursors of moderate (3.0 ≤M≤ 3.5) earthquakes
that occurred near the receivers (within 50km) along the
transmitter-receiver path. In this case, it is possible that the
pre-seismic processes could have produced irregularities in
the troposphere, such as ducts, reﬂecting layers and scatter-
ing zones, so that some local troposphere defocusing of the
radio signals might have occurred. These observations were
related only to moderate earthquakes and in these cases, suit-
able meteorological conditions were probably needed to ob-
serve the effect. Between February – March 1998, we ob-
served at one measuring site, a signiﬁcant increase in the
CZE electric ﬁeld strength. Unfortunately, we could not use
the data of the other receiver in this case, due to frequent in-
terruptions in the data set. The increase might have been a
precursor of the strong seismic sequence (M=5.0–6.0) that
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occurred during March – May 1998 in Slovenia at a loca-
tion over 400km from the receiver, but lying in the middle
of the transmitter-receiver path. In this case, it is possible
that an ionospheric disturbance, produced by the pre-seismic
processes, might have occurred.
1 Introduction
For many years, research into the interaction between seis-
mic activity and disturbances in radio broadcasts has been
carried out. At ﬁrst, results were obtained using 18MHz
radio waves (Warwick et al., 1982) and later on, using
the Omega and Loran radio waves that lie in the VLF (3–
30kHz) frequency band (Gokhberg et al., 1989; Hayakawa
and Sato, 1994; Morgounov et al., 1994; Hayakawa et
al., 1996 a, b; Molchanov and Hayakawa, 1998). In this
same frequency band, seismogenic emission were observed
(Nomikos and Vallianatos, 1996; Vallianatos and Nomikos,
1998). Among radio signals, low frequency (LF) radio sig-
nals lie in the band between 30–300kHz. LF radio wave re-
ception is characterised by ground-wave and sky-wave prop-
agation modes. For distances greater than 500km, the con-
tribution of the ground wave to the electric ﬁeld strength is
about ten times below that of the sky-wave contribution. In
this case, the ground wave provides a weak but fairly stable
signal, whereas the sky-wave signal is larger but greatly vari-
able between day and night, and between winter and sum-
mer. In 1991, we designed and built a receiver that was able
to measure the electric ﬁeld strength of one LF frequency at
ﬁeld sites where the noise is very low. We selected the LF
broadcasting station MCO located in France. The monitor-
ing equipment is detailed in Bella et al. (1989). At the be-
ginning of 1993, we put into operation receivers at two sites
in central Italy, named AS and PE, located at a distance of100 P. F. Biagi et al.: Possible earthquake precursors revealed by LF radio signals
Table 1. Parameters of the broadcasting stations
Label Radiated Power Frequency Mean distance
(kW) (kHz) from receivers
(km)
CLT 60 189 540
MCO 1400 216 520
CZE 1500 270 820
60km from each other. During 1996, we planned to record,
in addition to the MCO signal, the signals of two other broad-
casting stations: CZE (Czech Republic) and CLT (Sicily, in
southern Italy). We built monitoring equipment similar to
the previous system, but had the ability to measure the elec-
tric ﬁeld strength of the three transmitters at the same time.
At the end of 1996, we put into operation the new receivers
at the original sites. The radiated power and frequency of the
broadcasting stations, together with the mean distance from
the receivers, are indicated in Table 1. In Fig. 1, the location
of the transmitters and the receivers is shown. Some pos-
sible seismo-disturbances in these radio signals have been
previously presented (Bella et al, 1998; Biagi, 1999; Biagi et
al., in press). In this paper, we present the anomalous case
records revealed so far, and the possibility that they represent
precursors of earthquakes.
2 Results
Figure 2a shows the two anomalous decreases in the electric
ﬁeld strength of the MCO signal detected at the AS site using
the original (MCO-only) system. The duration of the attenu-
ation is 11 days (upper plot) and 5 days (lower plot), and the
extent is up to 15dB. No anomaly at the PE site was detected
at that time. About 15 days after the end of the 1993 radio-
anomaly, anearthquakewithM=3.5occurredat25kmfrom
the receiver, along the MCO-AS path; furthermore, 4 days
after the end of the 1994 radio-anomaly, a seismic sequence
happened along the MCO-AS path at about 40km from AS,
with a magnitude of 3.0–3.5. The location of these seismic
events is shown in Fig. 2b and their time of occurrence is
indicated in Fig. 2a.
With the new equipment for receiving the MCO, CLT and
CZE transmissions, we again observed attenuation with an
extent of 10–15dB in the radio signals lasting several days,
as shown in Figs. 3a and 4a. In both cases, the attenuation
appeared on just the CLT signal; the ﬁrst one (Fig. 3a) was
detectedonlyatthePEsiteandthesecondone(Fig.4a)atthe
AS site. Some days after the end of these radio-anomalies,
earthquakes with magnitudes of 3.5 and 3.3 occurred at dis-
tances less than 50km from the receivers, just along the
transmitter-receiver path. The location of these earthquakes
is shown in Figs. 3b and 4b and their time of occurrence is
indicated in Figs. 3a and 4a. Many well-known effects con-
Fig. 1. Map showing the radio broadcasting stations (CLT, MCO,
CZE) and the measurement sites (AS, PE).
nected with a pre-seismic phase (electromagnetic emissions,
gas emanation and ionisation) could create ducts, reﬂecting
layers or scattering zones in trophosphere. These cause ir-
regularities in the radio refractivity N that may be capable of
producing a defocusing of the radio signals (CCIR, 1990a),
as we have observed. The next step was to examine all of the
data recorded since January 1997, i.e. from the beginning
of the measurements with the new equipment, up to March
2000. First, a 7-day high pass ﬁlter was applied to the raw
data to remove the high frequency components and then the
long-term smoothed trend of the ﬁltered data was determined
by ﬁtting a 9th order polynomial. Next, we created a working
ﬁle as the difference between each ﬁltered set and its polyno-
mial ﬁt. Finally we calculated the standard deviation σ over
each entire work data set. Plots of the CLT, MCO and CZE
radio signals obtained at the AS site are shown in Fig. 5a.
The horizontal dashed lines in each series represent the ±3σ
level. If an anomaly is considered to be a value occurring
over 3σ, then from Fig. 5a it is possible to note that: (1)
no anomaly appears on the MCO data ﬁle; (2) three anoma-
lies appear on the CLT plot during summertime as a quasi-
periodiceffect; (3)ananomalyappearsontheCZEtrenddur-
ing February – March 1998. Turning ﬁrst to the CLT anoma-P. F. Biagi et al.: Possible earthquake precursors revealed by LF radio signals 101
Fig. 2. (a) Anomalous decreases in the MCO electric ﬁeld strength at the AS measurement site occurring in May 1993 and February 1994.
The arrows indicate the earthquake (M=3.5) that occurred on 5 June 1993 and the seismic sequence (M=3.0–3.5) that occurred on 4 and
5 March 1994. (b) Map showing the location of the 1993 earthquake (black circle) and of the 1994 seismic sequence (black square).
lies, it was found that the broadcasting station increased the
radiated power during the anomalous periods. In contrast,
however, the CZE anomaly is not thought to be related to the
broadcastingstation. Thisanomalyisanincreaseofthe order
of 6–8dB and in the middle of March 1998, i.e. practically
at its end, a strong seismic crisis started in Slovenia (M=5.2
on 13 March; M=6.0 on 12 April; M=5.1 on 6 May), in
a zone lying in the middle of the transmitter-receiver path.
It must be noted that according to the wave hop propagation
theory (Knight, 1973), the sky-wave signal received by an
antenna can be considered as a ray starting from the trans-
mitter and reﬂected one or more times (hops) by the lower
ionosphere and by the ground. The propagation of the sky-
wave is thus controlled (CCIR, 1990b) by several parameters
including the elevation angle ψ (relative to the horizontal)
of departure and the arrival of the ray, the ionospheric re-
ﬂection coefﬁcient R, the height H of the ionosphere, the
transmitting and receiving antenna factors F and the iono-
spheric focusing factor D. Of these, R is the main parameter
of interest and the large daytime attenuation of the sky-wave
with respect to the nighttime propagation conditions is pri-
mary caused by the different R values. For example, R takes
typical values of around 0.01 during the day and 0.1 during
the night for one hope wave. Therefore, it seems reasonable
thatthepre-seismicphaseofthepreviousseismiccrisiscould
have produced a variation of R related to one hope mode of
CZE radio signal and this variation could justify the anomaly
we have observed. The location of the seismic crisis is shown
roughly in Fig. 5b and the time of occurrence is indicated in
Fig. 5a. Unfortunately, the data recorded by the other re-
ceiver (PE) were affected by problems with both the power
supply and the saturation of the recorded signals, so we could
not use the data in this study of the whole data set.
3 Discussion
Our analysis is concerned with the observations of the varia-
tions in the radio signal strengths, and so we can focus on just
the sky-wave signal component. First, consider the observed
anomalous decreases in the radio signals. Initially, the me-
teorological conditions in central Italy were investigated and
it was noted that during the anomalous time intervals, some
thermal inversions in the low troposphere appeared. How-
ever, these meteorological conditions are fairly frequent in
central and southern Italy and occurred several times during
the experimental period with a duration of several days, with-
out producing any decrease in the radio signals. As a result,
a direct relationship between the observed radio-anomalies
and meteorological phenomena does not seem satisfactory.
The next step was to check for a possible correlation to the
seismic activity at that time. Other seismic events were iden-
tiﬁed, having the same energy release that occurred along the
transmitter-receiver paths at distances less than 50km from
the receivers, but in these cases, no ﬁeld strength anomalies
of the radio signals were found. Thus, a simple relationship
between radio-anomalies and seismicity raises some doubt-
ful points. However, an important negative result was noted;
when the seismic events occurred with no radio-anomalies,102 P. F. Biagi et al.: Possible earthquake precursors revealed by LF radio signals
Fig. 3. (a) Anomalous decreases in the CLT electric ﬁeld strength at the PE measurement site occurring in April – May 1998. The arrow
indicates the earthquake (M=3.5) that occurred on 12 May 1998 along the CLT-PE path. (b) Map showing the location of the earthquake
(black circle).
Fig. 4. (a) Anomalous decreases in the CLT electric ﬁeld strength at the AS measurement site occurring in January 1999. The arrow indicates
the earthquake (M=3.3) that occurred on 15 February 1999 along the CLT-AS path. (b) Map showing the location of the earthquake (black
circle).P. F. Biagi et al.: Possible earthquake precursors revealed by LF radio signals 103
Fig. 5. (a) Difference between the ﬁltered data and smoothed trends of the CLT, MCO and CZE radio signals at the AS site from 1 January
1997 to 31 March 2000. The horizontal dashed lines represent the ±3σ level (where σ is the standard deviation). The vertical lines represent
the occurrence of the main earthquakes (M=5.2, 13 March 1998; M=6.0, 12 April 1998; M=5.1, 6 May 1998) in the Slovenia region.
(b) Map showing roughly the location of the Slovenia earthquakes (black circle). The location of the Umbria-Marche earthquake (M=5.3)
occurred on 26 March 1998 is also indicated (black square) on the map.
the meteorological analysis revealed no thermal inversion
connected to the advection of warm air. Therefore, this result
seems to indicate that the anomalous decreases we revealed
are connected to concurrent or simultaneous phenomena: the
preparatory phase of earthquakes and the advection of warm
air in the troposphere.
The anomalies presented seem to ﬁt with some defocusing
process of radio signals in the troposphere since the epicen-
tres are located where the sky-wave is already in the tropo-
sphere. Within a normal meteorological framework, the ir-
regularities produced by the seismic processes as described
in Sect. 2, do not normally act on LF radio signals but suit-
able conditions, such as warm air advection, might permit
the diffusion of the irregularities over a sufﬁciently large-
scale to inﬂuence the LF radio wave propagation. In general,
the warm air advection acts as a catalyst for the inﬂuence of
the irregular variations of the radio refractivity produced by
pre-seismic effects on the LF radio signals. Our observations
were related only to moderate earthquakes and in these cases,
the suitable meteorological conditions were probably needed
as a catalyst to observe the effect. For larger earthquakes,
it seems unnecessary for such coincident phenomena to be
needed.
Consider now the anomalous increases in the CZE radio
signal observed during February – March 1998. The ﬁrst ob-
servationisthatsinceitwasonlyobservedontheCZEsignal,
it means that the effect occurred only in the northeastern part
ofthemapshowninFig.1. Thisincreaseofaround6–8dBin
the recorded radio signal might be explained by a 2–3 times
increase in the value of R in the reﬂection point zone of the
one hop wave, which is the principle sky-wave propagation
mode. The pre-seismic phase of the Slovenian seismic crisis,
the epicentres of which are 100–200km away from the previ-
ous reﬂection point, might have produced such an increase in
the R value. It must be noted that distances of 100–200km,
related to earthquakes of M=5.0–6.0, are in agreement with
the existence of the pre-seismic perturbed ionospheric region
as suggested by Ruzhin and Depueva (1996) on the basis of
different experimental results.
At the XXV EGS Assembly (Biagi et al., in press), some
of the authors of this paper proposed that the anomaly un-
der investigation was a precursor of the earthquake (M=5.3)
that occurred in the Umbria-Marche region on 26 March
1998, the location of which is indicated in Fig. 5b. This pos-
sibility cannot be excluded, but some doubts exist. First, the
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1997 with two strong earthquakes (M=5.6, M=5.9) and
lasted for several months. We must question why a premon-
itory anomaly appeared before the March 1998 ﬁnal strong
shock but not before the September 1997 main shocks. Sec-
ond, the March 1998 earthquake was characterised by a large
focal depth (≈50km), but seismo-ionospheric perturbations
might be expected only for shallow earthquakes (Molchanov
and Hayakawa, 1998) and so the proposed precursor is very
unusual. Finally, the March 1998 earthquake is located over
300km from the reﬂection point of the one hope wave and so
the perturbed ionospheric zone seems to be too large. Given
these doubts about associating the anomaly with the Umbria-
Marche earthquakes, a more convincing case is made in this
paper in relating the anomaly to the Slovenia seismic crisis.
4 Conclusions
During eight years of measurements, we observed four
anomalousdecreasesandoneanomalousincreaseintheelec-
tric ﬁeld strength of the LF radio signals. After the de-
creases, moderate (3.0≤M≤3.5) earthquakes occurred near
the receivers (within 50km) along the transmitter-receiver
path and, as a concomitant phenomenon, the advection of
warm air occurred during the anomalous periods. After the
increase, a strong ( M=5.0–6.0) seismic crisis occurred in
Slovenia at more than 400km from the receivers, but in the
middle of the transmitter-receiver path. We advance the hy-
pothesis that anomalies involving decreases are due to mod-
iﬁcations of the troposphere and anomalies involving in-
creases are caused by modiﬁcations of ionosphere, both re-
lated to the preparatory phase of earthquakes. Of course
more observations are needed since on the basis of a few
observations, one can only tentatively suggest that these are
premonitory anomalies. But if this pre-seismic behaviour of
the LF signals could be conﬁrmed, then this type of precursor
would seem capable of providing information on the direc-
tion, and perhaps even the rough location of a forthcoming
earthquake.
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